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In this Letter we describe an optical interferometer that signals the presence of a single photon
in a particular input state (c0|0〉 + c1|1〉 + c2|2〉) without destroying it. The interferometer employs
two auxiliary single-photon sources and three detectors. The ideal eciency of this quantum nonde-
molition (QND) device is 1/7. Furthermore, the interferometer presented is in principle not bound
to a specic frequency range.
PACS numbers: 42.25.Hz, 42.79.Ta, 42.50.Dv, 03.65.Ud, 03.67.-a
Quantum Nondemolition (QND) devices measure ob-
servables and couple the back-action noise only to the
conjugate of the measured quantity. The system un-
der scrutiny is then projected onto an eigenstate of the
measured observable, and repeated QND measurements
will yield the same outcome as the initial one. These
devices therefore closely resemble ideal Von Neumann
measurements [1]. Such a device can be exploited, for
example, to provide a sensitive probe of the perturba-
tion causing any dierence between results of two con-
secutive measurements. Also, QND detection has been
proposed as an approach to improve the sensitivity in
the gravitational wave detection, to create event-ready
entanglement, and for QND-based quantum computing
using projective measurements [2{6].
In quantum optics, QND devices are usually consid-
ered in the context of photon-number measurements.
There, one has the added complication of ultimate de-
molition: common photodetectors actually destroy the
photons they detect. To avoid this, there exist proposals
to implement quantum nondemolition devices using spe-
cial components such Kerr media, parametric ampliers,
cold atoms in magneto-optical traps, and cavity quantum
electrodynamics [7{13]. Such single-photon QND devices
can provide a key tool for quantum information process-
ing [14,15]. However, these protocols generally require
strong nonlinearities or are highly frequency-dependent.
In a recent experiment by Haroche and co-workers [16],
a single-photon QND measurement of a weak eld in a
cavity has been demonstrated by using a resonant cou-
pling between the cavity eld and atoms moving through
the cavity. When there is a single photon in the cavity,
the initial atom-eld state jg, 1i undergoes a time evolu-
tion according to jg, 1i ! cosΩt/2jg, 1i + sin Ωt/2je, 0i,
where jgi, jei are the ground and excited states of the
atom respectively; j0i, j1i the photon-number eld states,
and Ω is the Rabi frequency. When t = 2pi/Ω the ini-
tial state jg, 1i aquires a phase shift of eipi . On the other
hand, when there are no photons in the cavity, no phase
shift will occur in the state jg, 0i. This relative phase-
shift can be measured with a Ramsey interferometer.
Since a Ramsey interferometer involves atomic transi-
tions, this QND device depends strongly on the frequency
of the eld. The next step is therefore to investigate sim-
ple frequency independent QND devices. One possibil-
ity is to use probabilistic interferometric QND detection.
This is the subject of the present Letter.
It is widely believed that in order to create an inter-
ferometric single-photon quantum nondemolition device,
one needs a Kerr medium [7]. A QND device based on
such a nonlinearity works as follows (see Fig. 1): let a^y,
b^y and a^, b^ be the creation and annihilation operators
for two optical modes a and b, satisfying the commuta-
tion relation [a^, a^y] = 1 (and similar for b). The eect
of a Kerr cell on modes a and b is then described by
the Hamiltonian HKerr = κ a^ya^ b^yb^ [17]. This interaction
(with a very small coupling κ≪ 1) induces a phase-shift
in mode a (or b), depending on the number of photons
in mode b (or a). In general, we can derive the follow-
ing single-mode transformation a^y ! a^ye−iτ nˆb , where we
have chosen the dimensionless characteristic interaction
strength τ  κt/~ based on the interaction time t, and
the number operator n^b is dened by n^b  b^yb^. By mon-
itoring the phase shift in mode a using a Mach-Zehnder
interferometer (homodyne detection), we can determine
the photon-number in mode b without destroying the pho-
tons. For a detailed description of general nonlinear in-








FIG. 1. A single-photon quantum nondemolition device
based on the Kerr eect. A photon in mode b changes the
phase of the photon in mode a. The Mach-Zehnder interfer-
ometer is tuned in such a way that a detector click in D1
signals ‘no photon’, and a click in D2 signals ‘one photon’.
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The Kerr-medium based QND device is not very prac-
tical, though. The χ(3) coupling involved is very weak
(κ / 10−16 cm2 s−1 V−2 [19]), and such a device would
necessarily have an exceedingly small eciency. We
therefore wish to bypass the use of weak χ(3) nonlineari-
ties, and construct a QND device with more user-friendly
optical elements. In this Letter, we show that, under cer-
tain relaxing conditions, only linear optical elements and
projective measurements suce.
Our main goal is to create an interferometric single-
photon QND device that non-destructively signals the
presence of a single photon in a (c0j0i + c1j1i + c2j2i)
state (with arbitrary amplitudes). Note that this is not a
full QND measurement of the photon-number observable.
However, it may still play an important ro^le in linear op-
tical quantum computing, where only up to two-photon
states are used, such as the recently proposed linear op-
tical quantum computation by Knill, Laflamme and Mil-
burn [20]. In order to construct such a dressed-down
QND device, we consider the following relaxing condi-
tions: when the device does not signal the presence of
a single photon, the output state may be severely dis-
turbed: we therefore essentially propose a device for pro-
tocols using single-photon post-selection. Secondly, we
do not require a 100% eciency for the QND device.
It is sucient to create a probabilistic device that has
a lower eective eciency. Under these conditions, we












FIG. 2. Interferometric QND measurement device for sin-
gle-photon detection. The device signals the presence of a
single photon |1〉 in the input mode by giving a detector co-
incidence in D1 and D2 and no count in D3.
Consider the interferometric setup in Fig. 2. It op-
erates as follows: rst, the input mode is divided by a
50:50 beam splitter. Both modes are then directed into
two separate Mach-Zehnder (MZ) interferometers with
relative phase shift pi/2. Single-photon probes in the sec-
ondary input ports of these interferometers will eect a
relative phase change when a photon enters the primary
port. A detector coincidence, after mixing the primary
outputs of both interferometers, will then signal the pres-
ence of a single photon in the input mode and the outgo-
ing state is j1i. The interferometers are balanced in such
a way (ϕMZ = pi/2) that a vacuum input can never yield
a two-fold detector coincidence. The remaining outgoing
modes are recombined using another beam splitter. The
secondary output of this beam splitter should be empty
in order to exclude a two-photon contribution in jψouti.
The optimal eciency of this interferometric QND de-
vice is 1/8. That is, the probability of a two-fold de-
tector coincidence in D1 and D2 given a single-photon
input state is 1/8. In addition, the probability that the
input state (c0j0i+c1j1i+c2j2i) is undisturbed (two pho-
tons in either D1 or D2) is also 1/8. In those cases one
can repeat the QND measurement. The probability of
a successful measurement when repeated ad infinitum is∑1
n=1 1/8
n = 1/7. Using detectors with single-photon
resolution and eciency η, the overall eciency for re-
peated operation reduces to η2/7.
When the detectors do not have single-photon reso-
lution, the outgoing state will generally be given by a
mixed state that is not j1ih1j due to two-photon states
in D1 and D2 [21]. Let us dene the delity of the out-
going state as F  Tr[ρ j1ih1j]. Lack of single-photon
resolution then yields
ρ / jc1j2j0ih0j+ 2(jc1j2 + jc2j2)j1ih1j , (1)
which gives a delity of F = 2(jc1j2 + jc2j2)/(3jc1j2 +
2jc2j2).
This delity calculation is based on perfect single-
photon sources for the probe modes. When these modes
are weak coherent states, the output delity deteriorates
considerably. This is due to the fact that we employ two
probes, and for weak coherent states these two single-
photon inputs occur with approximately the same proba-
bility as events with two probe photons in one mode and
vacuum in the other. However, when we employ para-
metric down-conversion to create the two-photon states
that act as probes, this problem disappears. Given that
the parametric down-converter creates the output state
(1−2)j0i+j1, 1i+O(2), the vacuum contribution of this
state is eliminated in the post-selection process. Also, the
eciency of the whole QND device deteriorates rapidly
(to order  10−4), but this is still many orders of mag-
nitude better than using Kerr non-linearities.
So far, we have only considered optical elds in cer-
tain photon-number superpositions. In addition, one can
introduce the polarization of the eld. Our next goal
is therefore to create an interferometric single-photon
QND device that preserves the polarization of a pho-
ton jθi  αjHi + βjV i, where α and β are two complex
numbers and H,V the polarization directions.
2
D1 D2
jψini = c0j0i+ c1jθi PDC (χ(2))
jψouti = jθi
FIG. 3. Teleportation-based QND measurement device for
single-photon detection that leaves the polarization of the
photon intact. The device signals the presence of a single
photon |θ〉 in the input mode with (three-dimensional) polar-
ization angle θ, by giving a detector coincidence in D1 and
D2.
A trivial way to create such a device is by teleport-
ing the polarization state using the protocol used by
Bouwmeester et al. [22]. As shown in Fig. 3, the in-
coming state jψini = c0j0i+c1jθi with jθi  αjHi+βjV i
is mixed in a beam splitter with one half of a polariza-
tion entangled state from a parametric down-converter,
jΨPDCi = (1 − 2)j0i + (jH,V i − jV,Hi)/
p
2 + O(2).
Post-selected on a two-fold coincidence (the partial Bell
detection) in detectors D1 and D2, the outgoing state is
given by jθi.
The detector coincidence identies the singlet state
jΨ−i  (jH,V i − jV,Hi)/p2. The complete set of
Bell states is given by fjΨi = (jH,V i  jV,Hi)/p2,
ji = (jH,Hi  jV, V i)/p2g. It is well known that
a deterministic complete Bell state detection is impos-
sible using linear optics [23], but we can construct a
probabilistic Bell measurement using the CNOT given in
Ref. [24]. The crude teleportation-based QND device can
thus be improved by performing a probabilistic complete
Bell measurement. Unfortunately, this protocol breaks
down when there is a (sizeable) two-photon contribu-
tion: when the incoming state of the teleportation-based
QND device is given by jψini = c0j0i+c1jθi+c2j2i (with
j2i some non-trivial polarization state of two photons),
then the outgoing state ρtb based on a two-fold detector-
coincidence is given (to rst order in ppdc) by
ρtb =
4c22










where ppdc  10−4 is the probability of creating a sin-
gle polarization-entangled photon pair in the parametric
down-converter. The delity F = Tr[ρtbjθihθj] becomes
vanishingly small when the two-photon contribution in
the state increases (c22  ppdc c21).
A more sophisticated way to perform a polarization-
preserving single-photon QND measurement is to adapt
the interferometer given in Fig. 2. The initial and nal
beam splitters are now replaced by polarization beam
splitters, and the single-photon probe states have identi-
cal polarization to the eld in the primary input ports of
the MZ interferometers (see Fig. 4). In order to erase the
polarization information in detectors D1 and D2, we ap-
ply a pi/2 polarization rotation. Furthermore, the output
needs a polarization flip σx : fjHi ! jV i, jV i ! jHig.
Let jHnV mia denote the state of n > 0 horizontally po-
larized and m > 0 vertically polarized photons in mode
a. Based on a two-fold detector coincidence inD1 andD2
and no photons in the secondary output port (the dashed
line), only the two-photon input state αjH2iin + βjV 2iin
ends up as a contribution (α − β) jHV iout in the out-
put mode. One can compensate for this output by ap-
plying the appropriate SU(2) transformation such that















FIG. 4. Interferometric QND measurement device for sin-
gle-photon detection that leaves the polarization of the photon
intact. The device signals the presence of a single photon |θ〉
in the input mode by giving a detector coincidence in D1 and
D2, and no count in the secondary output port of the nal
polarization beam splitter. Here, PBS denotes a polarization
beam splitter and R(pi/2) is a polarization rotation to erase
the which-path information in the detectors. A polarization
flip σx on the outgoing mode has to be performed to retrieve
the input state.
This interferometer has a number of interesting prop-
erties. Firstly, a distinct advantage of the interfero-
metric probabilistic single-photon QND device over the
teleportation-based scheme is that the former still works
in the presence of some two-photon contribution in the in-
put state. The teleportation scheme, on the other hand,
breaks down completely in the presence of two-photon
states.
Secondly, a single detector click in eitherD1 orD2, and
a single photon input state yields the transformation
αjHiin + βjV iin −! αjH2iout + βjV 2iout .
This scheme exhibits similarities to the production proto-
cols for large photon-number, path-entangled states given
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in Ref. [25]. Here, dierent spatial modes are replaced by
dierent polarization modes.
In addition, for both schemes we have that outcomes
other than a two-fold coincidence do not mean that there
is no photon in the output mode; it just means that the
polarization is not necessarily preserved.
We now have two criteria to select between teleporta-
tion based and interferometric QND detection: when we
need a high-delity single-photon QND detection and the
two-photon contribution is small, then we should use the
teleportation-based quantum nondemolition device (Fig.
3). However, when we are in posession of single-photon
resolution detectors, or we need to exclude a sizeable two-
photon contribution, the interferometric methods given
in Figs. 2 and 4 are superior.
In conclusion, we have presented two optical
quantum nondemolition devices (interferometric and
teleportation-based) using only linear optics and pro-
jective measurements, which operate under the relax-
ing condition that only single-photon states are undis-
turbed with non-ideal eciency. The interferometric
method is preferred when the incoming state includes
some two-photon contribution, whereas teleportation-
based method still maintains high-delity in the presence
of detectors without single-photon resolution. Further-
more, both protocols are inherently frequency indepen-
dent and can preserve the polarization of the incoming
photon.
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